The occurrence of entanglement sudden death in the evolution of a bipartite system depends on both the initial state and the channel responsible for the evolution. An extreme case is that of entanglement braking channels, which are channels that acting on only one of the subsystems drives them to full disentanglement regardless of the initial state. In general, one can find certain combinations of initial states and channels acting on one or both subsystems that can result in entanglement sudden death or not. Neither the channel nor the initial state, but their combination, is responsible for this effect, but their combination. In this work we show that, in all cases, when entanglement sudden death occurs, the evolution can be mapped to that of an effective entanglement breaking channel on a modified initial state. Our results allow to anticipate which states will suffer entanglement sudden death or not for a given evolution. An experiment with polarization entangled photons demonstrates the utility of this result in a variety of cases.
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I. INTRODUCTION
Quantum entanglement is a property of physical systems composed of two or more parts and is a consequence of the superposition principle on bipartite or multipartite systems. It takes the form of correlations of measurement results that cannot be reproduced by any classical mechanism. For this reason, entanglement has become a physical concept of central importance for the foundations of Quantum Mechanics [1] . Apart from its conceptual relevance, entanglement is also a resource that can be used to accomplish informational tasks like teleportation [2] , quantum key distribution and super dense coding [3] [4] [5] .
The interaction of an entangled system with its environment results in an irreversible distribution of the entanglement between the system and the environment [6] [7] [8] [9] [10] [11] . Interestingly, through the so-called ChoiJamiolkowski relation [12, 13] , the representation of a quantum channel and a state are equivalent within the theory. In this report we explore this connection between environments and states and its implications for the dynamics of entanglement. We perform experiments where we produce pairs of polarization entangled photons, initially in a variety of entangled mixed states. Then, one of the photons is exposed to a local environment. For a given environment E, some states of the system S suffer Entanglement Sudden Death (ESD), while for other states the entanglement will disappear only asymptotically, as the interaction time tends to infinity [11, [14] [15] [16] [17] [18] [19] . Theoretical considerations allow us to show that ESD occurs if and only if there exists a local effective Entanglement-Breaking Channel (EBC). This effect arises as the interplay between an initial state and a channel that annihilates any entanglement that one could try to establish through it [20, 21] . The effective EBC is not the channel E nor the state of the system S, rather it is a combination of the properties of both of them that we are able to measure experimentally. We show that this allows one to anticipate which states will suffer ESD or not for a given channel. This represents our main result.
Section II is devoted to review and define notation on the duality between quantum channels and states, for arXiv:1602.07196v1 [quant-ph] 23 Feb 2016 a general d-dimension bipartite system. In section III we address the problem of the entanglement evolution on a two-qubit system, and we explicitly show the relation between entanglement breaking channels and the sudden death of entanglement. Finally we apply these results in section IV to two experimental situations using polarization-entangled photon pairs, where one of the qubits evolves through a noisy channel, by interacting with a controlled environment implemented using it's path internal degree of freedom.
II. THE RELATION BETWEEN CHANNELS AND STATES
The evolution of a system S of dimension d due to an environment E, can be represented by at most d 2 Kraus operators, K i by
where ρ S is the the state of the system. To conserve probabilities, we choose to work with trace preserving maps. Such assumption implies that the Kraus operators must satisfy
Time dependence of the Kraus operators K i (t) is omitted from this notation, for simplicity. A mathematical relation can be established between channels and states; this is the aforementioned Jamiolkowski-Choi (J-CH) isomorphism [12, 13] . More than just a theoretical tool the so-called Channel-State duality has many practical implications and can be stated as follows:
The set of channels {E} acting on C d is isomorphic to the set of bipartite states {ρ
Hilbert space and Tr 2 [ρ * ] is the partial trace over the second system [22] .
The isomorphism can be established using a maximally entangled state |φ + = in fig 1a) . For two qubits one then has that ρ * = (I ⊗ E)|φ + φ + | satisfies the isomorphism.
The relation between channels and states can be extended for arbitrary states in
it was shown by Werner [24] that there always exists a channel Γ and a pure state σ such that any bipartite density matrix ρ can be written as ρ = (I ⊗ Γ)σ, where σ is a pure-state density matrix.
This result associates two physical objects to a mixed entangled state: A pure state σ, and a channel Γ. In contrast to the J-CH isomorphism where there is a one to one correspondence between the target state and a unilateral channel, here the combination of a channel and a pure state is not unique: an arbitrary mixed state ρ can be written as:
with Γ = Λ, and σ = σ are two distinct pure states. This represents two ways of preparing the bipartite state ρ as illustrated in Fig 1b) .
III. QUBIT TO QUBIT ENTANGLEMENT AND ITS EVOLUTION
Consider a quantum operation E acting in one of the qubits, so that the bipartite state evolves through I ⊗ E. Konrad et al. [27] demonstrated that the concurrence [25] of pure bipartite states, when exposed to one qubit channels, evolves according to
This equation shows that, for pure states, the entanglement evolution depends on the state only by means of the initial concurrence C[|χ ]; all the information about the evolution of the entanglement is contained in the dual state of the channel E.
We can also derive an evolution equation for the concurrence of mixed states. According to Eq. (3) one can consider a mixed state as the combination of a pure state and a unilateral channel. Then, under the action of the channel E, a mixed state ρ can be written
, where σ a pure state. It follows from Eq. (4) that
This is the extended version of Eq. (4), which was reported and experimentally tested in Ref. [28] . It shows that, even if the input state is mixed, the final concurrence is given by the product of two factors: the concurrence of a Bell state evolving under the action of the product of two channels EΓ, acting on the second qubit, and the concurrence of a pure state, C[σ]. Both the channel Γ and the factor C[σ] depend only on the initial mixed state.
With these tools, we now study the situation where entanglement in the qubits vanishes in finite time, a phenomenon better known as Entanglement Sudden Death (ESD).
A. Unilateral Channels -Pure States
Let's consider first the situation of a pure initial state |χ subject to a unilateral channel, I ⊗E. In this case the evolution equation (4) says that the concurrence depends, up to a constant factor, only on the channel through
No matter what the initial entangled pure state is, if the entanglement vanishes there is only one cause for this: the channel E. This is the definition of an Entanglement Breaking Channel (EBC) rephrased in terms of the evolution equation. Many channels such as Amplitude Damping (ADC) or Phase Damping (PDC) are EBCs only asymptotically, and so they do not produce ESD alone. An example of an EBC for qubits is the Depolarizing channel [29] .
B. Unilateral Channels -Mixed States
Now we consider a mixed entangled state ρ evolving under the action of I ⊗ E. In this situation the evolution depends on the initial state ρ, and Eq.(5) tells us exactly how. If the channel E is an EBC for finite times, then it is clear that the composition will be also an EBC and ESD will occur. On the other hand, if the channel E is not an EBC, ESD may still occur because of the mixture of the state ρ. In both cases there is an effective EBC EΓ acting on a maximally entangled state, that is responsible for the ESD. Indeed, an initially mixed state defines a whole family of EBC's through the equation
Here we see the usefulness of the generalized evolution equation, as it separates correctly the characteristics of the mixed states that lead to a decrease or loss of entanglement.
C. Bilateral Channels -Pure and Mixed States
Consider now two different pure bipartite entangled states |Φ 1 and |Φ 2 under the action of two channels E 1 and E 2 , such that none of these channels produce ESD by itself; i.e.
We may consider the action of both channels acting on |Φ 1 and |Φ 2 , such that
while
This condition was first observed in [14] . In view of Eq. (7) we notice that by use of Eq. (3) one can find a channel Γ and a pure state Σ such that
By applying Eq. (4), the concurrence depends on the action of Γ on a maximally entangled state and on the concurrence of the state Σ; satisfying Eq. (7) then implies
Since E 1 does not produce ESD by itself as stated above, we obtain
and therefore we know that C[Σ] = 0. Hence, according to Eq. (9), ESD is caused by the action of the effective channel Γ on a maximally entangled state, which is indeed an EBC. In the same way, the channel-state combination of Eq. (8) can be written as a channel Λ acting on another pure state Σ :
where, by following the same steps that lead to Eq. (9) we find that Λ is not an EBC. In summary, this shows our claim that for every Entanglement Sudden Death, one can associate an effective Entanglement Breaking Channel acting on only one of the subsystems.
IV. EXPERIMENTAL INVESTIGATION OF ENTANGLEMENT DYNAMICS
In this section we describe an experiment where we observe the evolution of the entanglement of a pair of polarization qubits in two different scenarios and prove the use of the new interpretation presented in the previous sections. The experimental set-up for the investigation of the entanglement dynamics is sketched in Fig. 2 . Polarization entangled photon pairs are produced via spontaneous parametric down-conversion (SPDC) using a CW diode laser to pump a nonlinear crystal arrangement. A more detailed description of the entangled pair source can be found in [30, 31] . After implementation of the specific quantum channels -which are described below-the photons from both paths, after passing through specific quantum gates implemented for the experiments, are directed to polarization analysis schemes and then detected in coincidence with single-photon detectors, with a temporal coincidence window of 8ns. Full tomography of the two photon polarizations state was implemented.
With this setup we are able to prepare the following quantum state
The real amplitude α can be controlled by rotating the angle θ of a half-wave plate (H3 in figure 2 ) in the pump laser beam [32] . Rotating H3 to 45
• produces the state |HH HH|, and adding another HWP at 45
• on Bob's path can further transform the downconverted pair into the state |HV HV |. Starting from state (11) we were able to produce several families of initially mixed states by weighted averages of different pure states. In the next section we explain in detail the families of mixed entangled states that were created.
Open system dynamics can be induced on one of the polarization-encoded qubits by using its path internal degree of freedom. The polarization qubit is coupled to the path, or linear momentum qubit in a controlled manner using a displaced Sagnac interferometer, and the information on this path qubit is traced out before the polarization analysis. This interferometer has been shown to implement a few characteristic quantum channels, including the amplitude damping channel and the phase damping channel [33] : Bob's photon enters a Sagnac interferometer based on a polarization beamsplitter (PBS), where the H and V polarization components are routed in different directions. If φ = 0
• both polarization components are coherently recombined in the PBS and exit the interferometer in mode a. For any other angle of φ the V component is transformed into an H polarized photon with probability g = sin 2 (2φ) and exits the interferometer in mode b. Both modes are later incoherently recombined using a half waveplate (HWP) oriented at 45
• on mode b (H2) and another polarizing beam splitter, which corresponds to a partial tracing operation over the environment.
A. Amplitude damping channel acting on a mixed state
We use quantum process tomography to characterize the effect of the Sagnac interferometer, set to implement an amplitude damping channel of strength g. By doing so we obtain the operator representation of the noisy channel E g . The reconstructed Kraus operators are shown on Fig 3a) , for a damping parameter g = 0.6. We want to observe the evolution of mixed states through the channel. We are able to prepare a family of mixed entangled states characterized by the parameter p,
where ρ 1 = |α α| given by (11) and ρ 2 = |HV HV |.
In this way, the noise on Alice's qubit is simulated as a weighted average of different experimentally obtained pure states, as described in [31] .
Once again, by using Eq. (3), we can find a channel E 1 acting on a pure state |χ , such that
E 1 may describe the situation where an amplitude damping channel with damping parameter h acts on the first qubit of the pure state |χ = √ ω|HH + √ 1 − ω|V V . In this way, ρ is now characterized by the two parameters h and ω, such that p = h(1 − ω).
Next we start the evolution through the amplitude damping channel (ADC) I ⊗ E g on Bob's side and calculate the concurrence of the output state ρ out = (I ⊗ E g )ρ = (I ⊗ E g Γ)σ. From the state tomography of initial state ρ, Eq. (12) we can extract the map Γ. Process tomography allows to obtain the Kraus operators corresponding to the ADC and combining those two, the effective channel E g Γ. A convenient representation of this channel is expressed through the Kraus operators Figure 3b ) shows the measured Kraus operators for the effective channel, for the particular choice ω = 0.25 and h = 0.5. These operators are measured for a damping parameter g = 0.6.
The concurrence of the family of initial states studied is which is a positive function in the (0, 1) × (0, 1) interval. Therefore, the vanishing points of
are also the vanishing points of the concurrence of the map applied to a maximally entangled state,
. Entanglement breaking characteristics of the map can be studied with this scheme. With this in mind, we can monitor the evolution of the concurrence in the parameter space, where we remind that g parametrizes the damping parameter of the noisy channel. Figure 4a ) shows gray-scale maps representing the concurrence values as a function of the degree of mixture h and the noise parameter on Bob's qubit g, for states with initial degree of coherent superposition ω=0.12. The colorbar on the right indicates the value of the concurrence. Contour lines are also plotted as a reference. The color within the circles represent the actual measured values of the concurrence. A symbol and its background with similar gray level means a good agreement between measurements and theory.
In figures 4a) and c), horizontal lines correspond to the evolution of the concurrence of a given initial state. As an example, the entanglement dynamics for h = 0.21 and ω = 0.12 is represented in the inset at the top of figure  4a ), where we can see that ESD occurs for g ≈ 0.65. The contour line for C = 0 shows whether the map applied to a specific initial state generates ESD or not, at some instance in the evolution through the damping channel. For ω ∼ 0.5 there is no sudden death, as the initial input state becomes the maximally entangled state |Φ + [14] .
Thanks to Eq. (5), we can find regions in the parameter space ω, h (initial coherent superposition and degree of mixture) for which the channel is EBC, i.e. where the concurrence vanishes for some value of g < 1. This is depicted in figure 4b) ; for values of ω < 0.5, a certain initial value of h converts the channel from non-EB to EB. From the quantum state point of view, figure 4b) simply shows which are the initial mixed states (12) that suffer ESD under the action of an AD channel. More interestingly, from the quantum channel point of view, this figure shows the entanglement-breaking capacity of the map (I ⊗ E g Γ) specified in (13) , with decay probability g: maps with parameters h, ω that falls on the left side of the boundary curve are EBC's, i.e. the concurrence vanishes for a finite evolution time (g < 1), while maps with parameters that lie on the right side of the figure are non-EBC. This feature was also experimentally verified: states with different values of ω, h were prepared, and the concurrence for increasing values of the interaction parameter g was obtained by performing quantum state tomography. Initial conditions that lead to an experimental observation of the sudden death of entanglement are depicted with blue symbols, while conditions in which ESD was not observed for any evolution time are marked in red, showing a very good agreement with the theoretical prediction.
B. Phase Damping Channel acting on X-states
In a second set of measurements, we prepare the family of pure states ρ X = h|φ + φ + | + (1 − h)|ψ + ψ + |; both |φ + and |ψ + are accessible experimentally. We can generate the state ρ X by averaging the results of the experiments using these two Bell states with their respective statistical weights, and calculate the concurrence for different values of h and noise parameters. Again, h characterizes the initial degree of mixture of the state.
We study the dynamics by letting the state ρ X evolve through the phase damping channel (PDC), E on Bob's side, obtaining ρ P DC = (I ⊗ E g )ρ X . We can once again find a channel Λ and a pure state σ such that ρ X = (I ⊗ Λ)σ . In this case, the channel Λ corresponds to a bit-flip channel with probability h, and σ = |φ + φ + |. Recalling (5), we see that the concurrence of the output state, is just the concurrence of a Bell state evolved through the channel E g Λ h , since the concurrence of a Bell state C[|φ + φ + |] = 1. Following the evolution of an X-state through local phase damping channels can therefore give information about the entanglement breaking capacity of the channel E g Λ h . As in the previous experiment, the noise on Bob's side is implemented through the interaction with a path qubit in a polarization sensitive Sagnac interferometer, with a slight modification that allows for the implementation of a phase decay map [14] . Figure 4c ) shows a gray-scale map representing the concurrence values of the Bell state |φ + evolved through the channel E g Λ h , as a function of both h and g. The measured values of the concurrence for the output state ρ P DC are plotted on top, with the same gray-scale coded values as the theoretical map. X-states with h close to 1/2 have a large degree of mixture. Evolution of the bit-flip channel can be observed by following the concurrence through vertical lines, while temporal evolution of the phase damping channel is obtained by tracing horizontal lines in the figure. Accordingly, the concurrence of states with h = 1/2 is 0 for all values of g. On the other hand, for h = 0, 1 we obtain the states |ψ + , |φ + respectively, for which the concurrence drops to zero only when g = 1. The complete map is EBC except for these limits. As opposed to the ADC map, the phase damping has a symmetric behavior on the initial state populations. As the noise increases, the zero concurrence region becomes larger symmetrically with respect to h, due to the fact that there is no change in the populations.
V. CONCLUSION
We have presented experimental results for the dynamics of entanglement for mixed states, monitoring the evolution of the concurrence through noisy environments given by the amplitude damping and phase damping channels acting on different initial two-qubit states. Using the connection between channels and bipartite states, we were able to express the concurrence of the output state as the product of the concurrence of a Bell state evolved through an effective channel acting on a single qubit, and the concurrence of a pure state. In doing so, we could study the entanglement-breaking capacity of different effective channels, and to establish conditions on the map parameters that produce an EBC. We experimentally tested these conclusions by observing the evolution of an entangled state through different local damping channels. In particular, we studied the action of two local amplitude damping channels on a pure state and we related its dynamics to the evolution of a particular family of mixed states through an amplitude damping channel. The state-channel duality was also used to study the action of phase damping channels on X-states. An a priori knowledge of the initial mixed state and/or the quantum channel that will affect the entangled resource could allow one to choose the optimal set of parameters for efficient quantum information processing.
